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Abstract
Thermal barrier coating (TBC) system is used in both aero engines and other gas turbines offer oxidation 
protection to super alloy substrate component. In the present work, it shows the ability of a new fabrication technique 
to develop rapidly new coating composition and microstructure. The compact powder were prepared by powder 
metallurgy method involving powder mixing and the bond coat was synthesized through the application of spark 
plasma sintering (SPS) at 1100°C, 1050°C and 1100°C to produce a fully dense 94%) Ni22Cr11Al bulk samples.
The influence of sintering temperature on hardness of Ni22Cr11Al done by micro vickers hardness tester was 
investigated. And oxidation test were carried out at 1100°C for 20 hr, 40 hr and 100 hr. The resulting coat was 
characterised with Optical microscopy, Scanning electron microscopy (SEM) and X-ray diffraction (XRD). Micro XRD 
analysis after the oxidation test revealed the formation of protective oxides and non-protective oxides.
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Introduction 
In order to meet the challenging rising cost of high performance 
materials used for components operating at elevated temperature 
in aeroengines and other gas turbines, surface modification and 
techniques have attracted the attension of investigators globally [1,2]. 
Thermal barrier coatings are mostly used for this application. The TBCs 
are primarily made up of super alloy substrate, bond coat (BC) and YSZ 
topcoat, in which the bond coat layer is strongly linked to the oxidation 
behaviour of the TBC which affects its durability [3-5]. The bond 
coat is typically a platinium aluminide or NiAl based which provides 
oxidation and adhesion in the TBC System [6]. Application of TBC at 
elevated temperature gives rise to transfer of oxygen from the topcoat 
into the bond coat, so that an oxidized scale can be formed on the bond 
coat which is referred to as the thermally grown oxide (TGO) typically 
alfa-alumina [7,8].
However, this scale protects the super alloy components from 
further oxidation, the growth of TGO during thermal exposure leads 
to failure of the TBC System. This failure mechanism is generated at the 
TGO, the TGO/BC interface and the TBC. Studies shows that oxygen 
is transferred through ionic diffusion from the crystalline structure 
of ZrO2 at the topcoat and penetration of gas through micro-cracks 
and porosities [9,10]. It has been proposed that these mechanism 
is facilitated mainly by the stress state arising from the residual 
compression in the TGO formed in service on bond coat which is the 
Al reservoir promoting α- alumina to form in preference to oxides 
[11-13]. In this study a Ni22Cr11Al bond coat were consolidated using 
spark plasma sintering technique and the high temperature oxidation 
resistance of the coating has been investigated.
Materials and Methods
Feed stock powder and characterization
Commercial starting powders for coating were Ni (flow master 
metal powder 28/0.5-3.0 micronparticle size 99.5% Ni), Cr (flow master 
metal powder<10 micron particle size, 99.2% Cr) and Al (flow master 
metal powder 99.7%) powders as bond coat. The three powders were 
mixed using the tubular shaker mixer T2F with the ball to powder ratio 
of 10:1 using stainless steel vial and five balls as milling media. Mixing 
speed of 72 rpm was chosen and a mixing time of 8 hr was allowed.
The Mixed powders were weighed according to Ni22Cr11Al molar 
composition as shown in Table 1. For the microstructures observations 
of the mixed powders, a small amount of the powders was mounted. The 
Cross section of the powders particles were prepared by conventional 
metallographic techniques. Microstructures and chemical composition 
of different phases in the powders were studied by employing Scanning 
electron microscope (SEM) with an energy dispersive spectrometer 
(EDS). The XRD analysis was done to identify the phases present in the 
samples in Bruker D2. Advanced diffractometer using cobalt as anode 
material at 30 Kv and 10 MA. The powders were scanned at a step scan 
mode of 0.02.
Consolidation of the composites powders
In this work, the powders were consolidated by spark plasma 
sintering unit (H-HPD25-FCT Systeme GmbH Germany). The 
powders were loaded into a graphite die 20 mm in diameter and poured 
into packs of thickness between 3 to 8 mm in which 5 mm was aimed 
at. A Pressure of 30 MPa is applied to die through hydraulic rams 
fixed to a press. The current pulse of 3.3 ms fixed is generated by the 
power supply in which each pulse sequence contain 12 pulse was used. 
Temperature was measured by infra-red pyrometer to obtain a true 
value of temperature during consolidation. The densification process 
was carried out using a multistep heating method with heating rate of 
100°C/min from room temperature to 1050°C. A holding time of 1 min 
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at 600°C and 3.5 min at 1050°C.
Characterization of the sintered samples
The Sintered bulk surface were cleaned by grinding the surface using 
(Saphir 520 grinding machine made in Germany) with SiC P320 paper 
at speed 150 micron/min and a force 25 N for 30 min. Polished using 
both Aka-largan with dia max 9 micronmeter poly and Aka-napal with 
double 1 micronmeter poly to remove diffused carbon. The density of 
the sintered polished samples were performed by water displacement 
method (Archimedes principle process) using OHAUS density scale 
weighing balance of 0.001 mg accuracy. The density of the final sintered 
samples was 94% of the theoretical density.
Micro-hardness was measured using Vickers micro hardness tester 
(Future-Tech Corporation Tokyo, Japan) under loads of 25 gf for a 
dwell time of 10 secs. For the load five indents were made of which 
the average values were calculated. Fully dense SPsed samples were 
subjected to oxidation test in an electric furnace with an air atmosphere 
at 1100°C for 20, 40 and 100 hrs. Micro-XRD was carried out on the 
cross section of the sample after oxidation to determine the crystalline 
structure of oxide scales. SEM to investigate the microstructure and 
chemical composition.
Results and Discussion
Feedstock powder characterization
In Figure 1, XRD pattern for the mixed powders shows that there 
was mechanical activation of powders and also reactant phases. SEM 
micrographs of the mixed powder particles are represented in Figure 
2, Mechanical mixing of the new material occurs, while there were 
still some regions which still consisted of one phase. EDS analysis 
showed that white areas are composed of aluminium and other areas 
encapsulating of Cr and Ni in softer Al particles which is visible 
extensively. Based on the XRD results of the mixed powders it can be 
expected that a reaction would occur during spark plasma sintering.
Sintering behaviours of the mixed powders during spark plas-
ma sintering
Spark plasma sintering involves (relative piston travel as an indirect 
measure of densification and changes in the thickness of a sample 
die to movement of punches against the die with time is indicated 
by displacement [14-16]. The expansion or shrinkage is as a result of 
displacement towards the negative or positive direction [17].
The densification behaviour of the mixed powder was explained 
through the consideration of the shrinkage displacement and sintering 
time at different holding temperature during consolidation process [18,19].
Ni22C11Al bulk samples were successfully densely sintered at 1050°C 
for holding time of 1 min at 600°C and finally 3 min under a pressure 
of 30 MPa. From Figures 3a-3c, the curve of displacement against 
temperature, it was observed that there was a preheating stage from 
room temperature to 585°C, thereafter shrinkage occurred at 970°C 
before thermal expansion of the dense sample at temperature greater 
or equal to 1050°C. This changes in displacement occurred due to 
sintering behaviour of the thermal expansion of the dense sample and 
the green body. And these behaviour could further be explained based 
Material           Ni          Cr      Al
NiCrAl           67%         22%      11%
Table 1: Chemical composition (in wt%) of Ni22Cr11Al  mixed feedstock powder.
Figure 1: XRD pattern of the mixed Ni22Cr11Al powders.
Figure 2: SEM micrograph of the mixed Ni22Cr11Al powders (Left), EDS 
analysis (Right).
Figure 3a: The temperature and displacement curve in spark plasma sintering 
process at 1000°C.
on the fact that temperature was of great influence and important than 
the current during sintering process [20-23].
Characterization of microstructure, density and micro hard-
ness
Figures 4 and 5 show the SEM images of sintered Ni22Cr11Al 
samples at 1050°C and 1100°C. It can be observed that grain coarsening 
occurs with sintering temperature increase and grain growth was seen 
with sintering temperature rise. XRD diffractograms of the sintered 
Ni22Cr11Al at 1050°C and 1100°C were shown in Figures 6 and 7 along 
XRD results revealed diffraction peaks of all the elements . no phase 
transformation or decomposition is observed comparison with the 
starting powders.
The density values of the sintered Ni22Cr11Al shows that the 
material is fully dense which indicates low porosity and voids. From 
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Figure 3b: The temperature and displacement curve in spark plasma sintering 
process at 1050°C.
Figure 3c: temperature and displacement curve in spark plasma 
sintering process at 1100°C.
 
Figure 4: SEM micrograph of Ni22Cr11Al powder (Left), EDS analysis (Right) 
sintered at 1050°C.
Table 2 and Figure 8 where the relative density values increases with the 
sintering temperature because the grain size is getting higher at higher 
sintering temperature. The material may shrink slightly at higher sintering 
temperature ;therefore the density increase slightly. Density is mass per 
unit volume. Density of Ni = 8.908 g/cm3, Cr = 7.19 g/cm3, Al = 2.7 g/cm3. 
The density of the sintered grinded and polished bodies was determined 
by Archimedes principle using the density determination kit of OHAUS 
density scale. The Principle states that every solid body immersed in a fluid 
loss weight by an amount equal to that of the fluid it displaces.
Density (Q) = A / (A-B) * Q0.
      
Figure 5: SEM micrograph of Ni22Cr11Al powder (Left), EDS analysis (Right) 
sintered at 1100°C.
Figure 6: XRD Pattern of Ni22Cr11Al powders sintered at 1050°C.
Figure 7: XRD pattern of Ni22Cr11Al powders sintered at 1100°C.
Powder (Ni22Cr11Al) Sintering Temperatures Relative Density
1000°C 92.2
1050°C 93
1100°C 94
Table  2: Sintering temperature as compared with relative density.
Where, A is weight of solid in air.
B is weight of solid in water.
Q0 is the density of water = 1.006 g/cm3
Micro hardness values of the sintered Ni22Cr11Al are shown in Table 
3 and in Figure 9, hardness value increases with increasing sintering 
temperature from 1000°C to 1100°C, this is due to more developed 
sintering necks , rounder pores and change in microstructure. 
Consequently, the micrographs of the hardness was studied with SEM 
as shown in Figure 10, it was observed that extent of damages at the 
load 25 gf is governed by mechanism of intergranules and transgranular 
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Figure 11: Micro XRD pattern after oxidation at 1100°C for 100h.
Figure 8: Effect of sintering temperature on relative density.
Powder Ni22Cr11Al Sintering Temperatures
Av. Vickers Hardness 
25gf
1000°C 261.15
1050°C 270.34
1100°C 290.46
Table  3: Vickers micro hardness Hv at various sintering temperature.
Figure 9: Vickers microhardness as a function of sintering temperature.
 
 
 
Figure 10: SEM micrographs of Vickers indents induced at different points.
fracture, grain crushing and pulling effects.
Oxidation behaviour of sintered samples
NiCrAl alloy SPSed specimens were exposed for 20, 40, 100 hr at 1100°C.
SPSed: A thickness of 2-4 micro meters oxide layer is formed on 
the sample surface. According to the linear scan map, it is seen by EDS 
analysis that the layer is rich in Al as such corresponds to Al2O3 [22]. 
However, as reported in Figure 11, XRD analysis performed on the 
surface of oxidized samples reveals the presence of alumina and other 
oxides such as Cr2O3, spinel-like compounds like NiO, NiCr2O4 which 
are non-protective oxides [24-26]. It is well established that while the 
formation of slow-growing oxides alumina has to be maintained to 
prevent oxidation of the super alloy substrate, the presence of mixed 
oxides like spinels should be avoided as they grow too fast to produce 
protective scale [26-29].
When NiCrAl sintered samples are initially exposed to high 
temperature oxidizing environment, Al is the first element that tends to 
be preferentially oxidized [30-33]. From thermodynamic point of view 
Al has high affinity to react with 02, which brings about O2 penetration 
and Al diffusion gives rise to Al2O3 formation [34-36]. EDS investigation 
of the TGO reveals the high percentage of O2 and Al and less of Cr and 
Ni element. Hence the main component of the TGO is Al2O3.
XRD patterns through the cross section of the bond coat after 
oxidation at 1100°C for 100 hr, revealed the oxides phases in the bond 
coat are NiCr2O4, NiCrO3, NiCrO4, and NiO [37]. The degradation of 
the bondcoat leading to overall TBC failure is caused by these oxides 
formation accompanied with rapid volume increase [38,39].
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Conclusion
Ni22Cr11Al powder sintered at 1000°C, 1050°C and 1100°C was 
produced. And the relative density of sintered sample was as high as 
94%. Microstructure observation showed that the achieved coating was 
well dense with attractive mechanical properties at room temperature. 
The grain growth of the samples was seen with interesting sintering 
temperature. These features described above are attributed to the 
oxidation behaviour displayed by Ni22Cr11Al when exposed to air 
at high temperature. The homogeneity of the final sintered product 
coupled with microstructure refinement favour the selective formation 
of a continuous and dense layer of alumina while the presence of less 
protective mixed oxides (spinels) is hindered. SPS process indicates to 
be a promising technique due to shorter time process which gives rise 
to many advantages such as rapid turnover and low cost.
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